Background: Previous laboratory studies of landing have defined landing techniques in terms of soft or stiff landings according to the degree of maximal knee flexion angle attained during the landing phase and the relative magnitude of the ground-reaction force. Current anterior cruciate ligament injury prevention programs are instructing athletes to land softly to avoid excessive strain on the anterior cruciate ligament.
Results: Average and maximum relative anterior tibial translation (average, 2.8 6 1.2 mm vs 3.0 6 1.4 mm; maximum, 4.7 6 1.6 mm vs 4.4 6 0.8 mm), internal/external rotation (average, 3.7°6 5.1°vs 2.7°6 4.3°; maximum, 5.6°6 5.5°vs 4.9°6 4.7°), and varus/valgus (average, 0.2°6 1.2°vs 0.2°6 1.0°; maximum, 1.7°6 1.2°vs 1.6°6 0.9°) were all similar between soft and stiff landings, respectively. The peak vertical ground-reaction force was significantly larger for stiff landings than for soft landings (2.60 6 1.32 body weight vs 1.63 6 0.73; P \ .001). The knee flexion angle total range of motion from the minimum angle at contact to the maximum angle at peak knee flexion was significantly greater for soft landings than for stiff (55.4°6 8.8°vs 36.8°6 11.1°; P \ .01).
Conclusion: Stiff landings, as defined by significantly lower knee flexion angles and significantly greater peak ground-reaction forces, do not result in larger amounts of anterior tibial translation or knee rotation in either varus/valgus or internal/external rotation in healthy individuals.
Clinical Relevance: In healthy knees, the musculature and soft tissues of the knee are able to maintain translations and rotations within a small, safe range during controlled landing tasks of differing demand. The knee kinematics of this healthy population will serve as a comparison for injured knees in future studies. It should be stressed that because the authors did not compare how the loads were distributed over the soft tissues of the knee between the 2 landing styles, the larger ground-reaction forces and more extended knee position observed during stiff landings should still be considered dangerous to the anterior cruciate ligament and other structures of the lower extremities, particularly in competitive settings where movements are often unanticipated.
Keywords: anterior cruciate ligament (ACL); kinematics; biplane fluoroscopy; prevention; landing Seventy percent of all anterior cruciate ligament (ACL) injuries have been reported to occur during noncontact activities marked by sudden deceleration of the center of mass, as in the case of landing from a jump. 9, 45 Because these injuries may be preventable, considerable research has been conducted to identify factors that may reduce an individual's risk for sustaining a noncontact ACL injury.
The concepts and theories developed from noncontact ACL injury studies have contributed to the development of ACL injury prevention training programs, such as the Prevent injury Enhance Performance (PEP) program. 16 The implementation of ACL injury prevention programs has shown success in altering biomechanical risk factors that have been associated with ACL injury and reducing the number of noncontact ACL injuries in female athletes during competition. 16, 17, 21, 34 A key component reported in noncontact ACL injury prevention programs is the oral and instructional training to ''land softly.'' 16, 21, 23 Previous laboratory studies of landing have defined landing techniques in terms of soft or stiff according to the degree of maximal knee flexion angle (KFA) attained during the landing phase. 14 It has been hypothesized that stiffer landings place increased loads on the knee, and therefore subject individuals to a higher risk of ACL injury. 1, 6, 7, 25, 36, 39 In contrast with soft landings, stiff landings are characterized by a more extended knee position at ground contact that results in higher ground-reaction forces (GRFs) 14 and a greater patellar tendon angle, defined as the angle between the patellar tendon and the long axis of the tibia. 20 Large GRFs during landing can produce a large external knee flexion moment that must be overcome by an equal and opposite internal extension moment produced by the quadriceps muscles. 45 A large patellar tendon angle, coupled with a large eccentric quadriceps contraction, has been suggested as a mechanism for increased anterior tibial translation that has resulted in higher ACL strain during stiff landings in both in vitro and in vivo studies. 35, 45 Although ACL injury prevention programs have been shown to be effective at teaching athletes to avoid stiff landings, the overall occurrence of noncontact ACL injury and surgical reconstructions remains high in both men and women. 17 We believe that the inability to adequately prevent this injury is linked to the lack of understanding of the mechanisms causing it. Using traditional motion capture techniques (ie, optical-based surface marker sets), it is difficult to capture knee motion with the precision necessary to assess tibiofemoral translations. For this reason, there is limited reporting of in vivo tibiofemoral kinematics, and there are no reports describing rotation and translation differences during soft and stiff landings. Biplane fluoroscopy systems enable the precise measurement of 6 degrees of freedom kinematics of specific joints such as the knee during dynamic activities. 12, 19, 30, 31, 33 The purpose of this study was to measure, describe, and compare tibiofemoral rotations and translations of soft and stiff landings using biplane fluoroscopy. Because stiff landings should generate larger GRFs and be performed with lower KFAs, we hypothesized that stiff landings would cause significantly increased anterior translation of the tibia relative to the femur when compared with soft landings.
MATERIALS AND METHODS

Drop-Landing Protocol
This study was approved by the institutional review board and all participants signed an informed consent form. All individuals had a history of participation in jumping and cutting sports, and no participant had any major injuries or surgeries to the lower limbs.
The in vivo lower extremity, 3-dimensional, knee kinematics of 6 men (height, 181.8 6 9.5 cm; body mass, 81 6 11 kg; body mass index [BMI], 24.8 6 1.7 kg/m 2 ; age, 29.767.9 years) and 10 women (height, 167.8 6 7.1 cm; body mass, 57 6 4 kg; BMI, 20.1 6 1.4 kg/m 2 ; age, 26.7 6 6.7 years) instructed to land softly and stiffly were collected as they performed the landing from a 40-cm height ( Figure  1 ). The instructions for executing both the soft and stiff landings were given using verbal cues. Participants were told to ''land erect as possible'' and ''with little bending at the knee and hip'' during stiff landings, and ''land as quietly as possible'' and ''use your legs as shock absorbers'' during soft landings. An unloaded knee extension trial was collected following the landing trials to be referenced to the landing data. The individuals were seated with their knee in 90°of flexion. They were then asked to slowly extend their knee to 0°of flexion while fluoroscopy data were collected. The 2 landing styles were collected in random order between participants. The knee extension trial was always collected after the landing trials were completed. Comparisons between the 2 landing styles were made throughout the entire landing range of motion using the motion analysis system. Because of the constraints imposed by the limited field of view of the fluoroscopy system, analysis was done over the first 100 milliseconds from ground contact or until peak knee flexion was observed.
Surface Marker Motion Analysis Data Capture
Traditional surface marker motion capture techniques were used to collect kinematic and kinetic data simultaneously with fluoroscopy data. Ten cameras (Motion Analysis Corporation, Santa Rosa, California) were used positioned at~36°intervals around the performance area and sampled at 240 Hz. The 3-dimensional kinematics of each trial were captured by securing 53 retroreflective spherical markers (10-mm diameter) to anatomic landmarks on each subject reported previously to produce a standard Helen Hayes marker set with a configuration of 3 markers per segment. 8 All force values and all joint moments were scaled to body weight and Newton-meter per kilogram of body mass, respectively.
Biplane Fluoroscopy System
The biplane fluoroscopy system was composed of 2 commercially available BV Pulsera c-arms with 30-cm image intensifiers (Philips Medical Systems, Best, the Netherlands), which were modified under appropriate US Food and Drug Administration guidelines. To capture the high-speed nature of the landing motion, 2 coupled highspeed, high-resolution (1024 3 1024) digital cameras (Phantom V5.1, Vision Research, Wayne, New Jersey) with frame rates up to 1000 frames per second were interfaced with the image intensifiers of the fluoroscopy systems using a custom-built interface.
Biplane Fluoroscopy System Calibration
Fluoroscopy systems tend to have significant image distortion that must be corrected for accurate measurements. Image distortion was corrected by imaging an accurately machined aluminum plate with 406 holes placed 15 mm apart arranged in a square pattern, placed directly in front of the image intensifier. The transformation from the distorted image to the corrected image was calculated and applied to all subsequent images using Model-Based RSA (roentgen stereophotogrammetric analysis) software (Medis Specials, BV, Leiden, the Netherlands).
To determine the focus position of the 2 fluoroscopy systems, a 15-cm 3 calibration cube enclosing 15 tantalum markers was positioned inside the 24-cm 3 3-dimensional capture volume. The precise relative positions of the markers within the cube were obtained using Model-Based RSA. Radiographic images of the foam cube were acquired with the biplane fluoroscopy system, and the precise focus position was determined using a nested optimization algorithm. The inner optimization loop determined the error of the best match of the cube markers given a focus position; the outer optimization loop searched for the focus position that minimized the matching error from the inner optimization loop. The relative positions of the 2 fluoroscopy systems were based on the cube position in the 2 views of the individual fluoroscopy systems. 15, 41 
Collection of In Vivo Landing Data Using Biplane Fluoroscopy
The in vivo biplane fluoroscopy data collection for the landing motion consisted of 2 parts: (1) obtaining a static CT scan of the knee joint and (2) collecting biplane fluoroscopy data during the drop-landing trials simultaneously with standard surface marker-based motion capture.
To obtain accurate 3-dimensional geometric descriptions of the bones in the knee, a supine, high-resolution static CT scan of the knee (approximately 12 cm above and below the joint line) utilizing an Aquilion 64 scanner (Toshiba America Medical Systems, Tustin, California) was obtained. The sequence of images from the scan, representing slices of 0.5-mm thickness with a resolution of 512 3 512 pixels (ie, voxel size of~0.7 3 0.7 3 0.5 mm), were obtained using the standard 120-kVp and 200-mA bone reconstruction technique. Commercial software (Mimics, Materialize, Inc, Ann Arbor, Michigan) was used to extract the bone contours from the CT images and to reconstruct the 3-dimensional geometry of the femur, tibia/fibula, and the patella. These 3-dimensional geometries were then ready to be used in Model-Based RSA for the 3-dimensional position and orientation (pose) estimation of the knee in the dynamic biplane fluoroscopy images.
Biplane fluoroscopy data were collected for 1.0 second for each landing at 500 frames per second with a shutter speed of 1/2000 second. The x-ray generators were operated in radiographic mode at 60 mA and approximately 60 kV. The pose of the femur and tibia/fibula during landing was determined for each frame by semiautomatically extracting (automatically detected, manually assigned) both the inner and outer bony contours of the femur and tibia/fibula from the biplane fluoroscopy images. Subsequently, a fully automatic 6 degrees of freedom optimization algorithm that has been previously described 28 was used to determine the position and orientation, which optimally matched the detected contours with the projected contours from the imported bone geometries ( Figure 2 ). The origin of the femoral coordinate system was placed between the medial and lateral femoral condyles on the center line of a cylinder fitted to the medial and lateral posterior condyles. The medial-lateral (ML) axis of the femur was determined as the line through the long axis of this cylinder. The superior-inferior (SI) axis was aligned to the posterior line of the femur, and an anteriorposterior (AP) axis was determined as the cross-product of the ML and SI axes. The tibial coordinate system was defined by the position of the tibia at full extension in the knee extension trial. At maximum knee extension, the femoral coordinate system was copied, with the duplicate coordinate (Figure 3 ). 41 Using these coordinate systems, knee kinematics were calculated using methods described by Grood and Suntay. 18 Fluoroscopy kinematic data obtained during landing were referenced to the unloaded knee extension fluoroscopy trial data by subtracting the knee extension data from the landing data at the same flexion angles to obtain ''relative'' kinematic data. For example, anterior tibial translation data from the unloaded knee extension trial was subtracted from anterior tibial translation data during a stiff landing at the same KFA to yield relative anterior tibial translation measures.
Referencing to the passive motion of the knee collected during a low-load activity such as knee extension, in which the ACL is generally taut but not overly strained, 1,5 is important for studying the change in kinematics when loads are applied. Referencing to a low-load task has been used previously during cadaver and in vivo investigations and has been reported to reduce intrasubject variability and produce more consistent comparisons of the changes in knee kinematics that occur during activity. 26, 41 Specifically, internal-external rotation and AP translation of the tibia relative to the femur are coupled to KFA because of the geometry of the articular surfaces and the soft tissue restraints in the knee. By referencing data to kinematics measured at each flexion angle of the low-load knee extension, this bias was removed. Relative kinematics presented here are those associated specifically with the forces applied to the lower limb during these 2 landing tasks.
Biplane Fluoroscopy System Accuracy
The biplane fluoroscopy system was validated using standard validation techniques. 4, 24, 27 Tantalum beads were placed in 3 cadaveric knee specimens (5 beads per bone) and the specimens were dropped from a height of 40 cm within the biplane fluoroscopy system. This was done during a morning testing session and then repeated 4 hours later in an afternoon testing session. A total of 24 frames were selected from the image sequences during the morning testing session and afternoon testing session. The beads and bones were tracked independently using the same bone-tracking methods as described in this study. The bead coordinate systems were registered to the femur and tibia/fibula coordinate systems and subsequently the knee kinematics based on the bead data were determined. Bias and precision representing the mean and standard deviation of the difference between the bone tracking and the bead tracking was calculated from the 24 frames. 3 The average bias and precision was 0.3°6 0.6°, 0.4°6 0.5°, and 0.3°6 0.6°for flexion-extension, varus-valgus, and internal-external rotations, respectively. The average bias and precision was 0.3 6 0.4 mm, 0.4 6 0.4 mm, and 0.3 6 0.4 mm for AP, ML, and distraction-compression translations, respectively. These values were consistent with previously reported studies using similar biplane fluoroscopy technology. 2, 4, 32, 41 
Statistical Analysis
To analyze the effects of landing type and gender on marker-based and biplane fluoroscopic variables, Figure 3 . The femoral and tibial coordinate system used to calculate tibiofemoral translations and rotation. A cylinder was fitted to the medial and lateral posterior femoral condyles and the origin of the femoral coordinate system was placed between the medial and lateral femoral condyles on the center line of this cylinder. The tibial coordinate system was defined by the position of the tibia at full extension in the knee extension trial. At maximum knee extension, the femoral coordinate system was copied, with the duplicate coordinate system representing the tibia. Figure 2 . An image of the reconstructed tibia/fibula and femur. Contours of bony landmarks were detected on each radiograph and a fully automatic 6 degrees of freedom optimization algorithm was used to determine the position and orientation that optimally matched the detected contours with the projected contours from the imported bone geometries. univariate 2-way (gender 3 landing type) analyses of variance were used with landing type as a repeated measure. This statistical analysis was completed for each kinematic and kinetic variable with a = .05. All statistical analyses were completed with SPSS software (SPSS, an IBM Company, Chicago, Illinois). We recognize that more study participants would have been necessary to show a sex difference. Our previous power analysis using these data indicated that we would have needed more than 500 participants in each group to identify differences between males and females. The primary purpose of this study was to examine the link between landing style and anterior tibial translation in a general population.
RESULTS
The absolute knee kinematics are presented in Table 1 . Average and maximum absolute internal rotation were significantly greater for soft landings than stiff (maximum, 18.9°6 5.3°vs 15.4°6 6.4°; P \ .0001; average, 15.3°6 5.7°vs 12.3°6 6.7°; P \ .001). Maximum absolute valgus angle was significantly greater for soft landings than for stiff (2.3°6 2.3°vs 1.0°6 1.9°; P \ .01). (Figure 4 ). No significant gender or landing type and gender interaction effects were noted for these variables (Table  2) . Additionally, there were no significant differences or gender interaction between landing style for time to maximum anterior tibial translation ( Figure 5 ).
Peak vertical GRFs were significantly larger for stiff landings than soft landings (2.60 6 1.32 body weight vs 1.63 6 0.73; P \ .001) ( Figure 6A ). However, there was no significant difference between the peak shear component of the GRF between soft and stiff landings ( Figure  6B ). The KFA total range of motion from the minimum angle at contact to the maximum angle at peak knee flexion was significantly greater for soft landings than for stiff (55.4°6 8.8°vs 36.8°6 11.1°; P \ .01) even though KFA at contact differed by only a little more than 5°( 15.0°6 4.7°vs 9.6°6 6.2°; P \ .05). Peak knee extension moments were significantly greater for stiff landings than for soft landings (2.05 6 0.58 NÁm/kg vs 1.75 6 0.39 NÁm/kg; P \ .05) ( Table 3 ). There was no difference between peak knee abduction moment between the soft and stiff landings (9.9 6 5.5 NÁm vs 9.4 6 6.5 NÁm/kg) Significantly different between landing styles for all participants (P \ .05).
but when knee abduction moment was normalized to body weight, women had significantly greater peak abduction moments than men during both soft and stiff landings ( Table 3 ). We did not observe any non-normalized peak knee abduction moments that would be considered at risk (soft range, 2.4 to 17.6 NÁm; stiff range, 21.9 to 20.0 NÁm).
DISCUSSION
Our hypothesis that stiff landings would produce significantly increased anterior tibial translation when compared with soft landings in healthy knees was not supported. Stiff landings produced significantly greater GRFs and knee extension moments, but did not cause increased amounts of anterior tibial translation or knee rotation in either varus/valgus or internal/external rotation when compared with soft landings in healthy individuals under these testing conditions. Previous literature has predicted that reduced KFA 13, 40 and the combination of reduced knee flexion and increased GRF 38 may place greater stress on the ACL, increasing the risk of injury. While the current study did not estimate the loads on the ACL, the results illustrate that more complex interactions are responsible for producing excessive amounts of translation and rotation in the knee during dynamic activities. The neuromuscular control of knee kinematics in a healthy population appears to be capable of compensating for the increased demand of stiffer landings caused by significantly higher GRFs without resulting in greater translation or rotation of the tibia relative to the femur when compared to soft landings. It is possible that when landing in a controlled, safe manner such as that which was completed in the current study, athletes are able to manipulate the timing and level of muscular activation to control tibiofemoral kinematics in response to changes in external load (ie, GRF). However, it should be stressed that because we did not compare how the loads were distributed over the soft tissues of the knee between the 2 landing styles, the larger GRFs and more extended knee position observed during stiff landings should still be considered dangerous to the ACL and other structures of the lower extremities particularly in competitive settings where movements are often unanticipated.
In addition to the similarities found between knee kinematics during soft and stiff landings, both tasks exhibited relatively low magnitudes of anterior tibial translation. This result again points to the ability of musculature and soft tissues to keep translations of the knee within a small, safe range during controlled tasks. Peak vertical GRF and peak knee extension moment were significantly greater for stiff landings compared with soft landings. This is attributable to the fact that soft landings allow the vertical GRF to be dissipated over a larger knee flexion range of motion than the stiff landings. Despite the differences in vertical GRF and knee extension moment, the 2 landing styles did not produce a significant difference between the peak shear component of the GRF.
To our knowledge, there have not been any studies that have reported 6 degrees of freedom tibiofemoral kinematic measurements during landing outside of our laboratory. 41 However, our results are somewhat similar to those reported for walking. Two recent studies calculated 6 degrees of freedom translations and rotations of the knee during walking. 30, 31 Li et al 31 measured knee kinematics for a single individual while walking at 1.5, 2.0, 2.5, and 3.0 m/s. Results showed anterior tibial translation to range from approximately 5 mm during midstance to 22.5 mm at toe-off, with no kinematic differences observed between the tested walking speeds. A study by Kozanek et al 30 also used biplane fluoroscopy to measure knee kinematics during gait of 8 healthy individuals at 1.5 m/s. Similar to Li et al, maximum anterior tibial translation was approximately 4 mm near midstance, and maximum posterior tibial translation was approximately 2.5 mm near toe-off. In the present study, maximum absolute anterior tibial translation was 6.4 6 2.4 mm and 6.7 6 2.9 mm for stiff and soft landings, respectively. The subtle increase in anterior tibial translation with relation to previously reported walking data may be expected, because external forces are approximately 2 to 3 times larger in landing tasks than walking. 37 KFArom, total knee flexion angle range of motion from minimum to maximum; ContactKFA, knee flexion angle at the point of contact; PVGRF, peak vertical ground-reaction force; BW, body weight; PSGRF, peak shear ground-reaction force; PExtMoment, peak knee extension moment; PAbdMoment, peak knee abduction moment. Significantly different between landing styles for all participants (P \ .05). c Significantly different between genders for the same landing style (P \ .05). Figure 6 . A, the mean and standard deviation of the vertical ground-reaction force during soft and stiff landings versus time. Stiff landings are shown in black and soft landings in gray. The boxed area indicates the portion of the landing phase that was captured in the biplane fluoroscopy system. B, the mean and standard deviation of the posterior shear groundreaction force during soft and stiff landings versus time.
Alternatively, differences in translation data between this and previous studies may in part be attributable to differing tibial and femoral coordinate systems. In both the Li et al and Kozanek et al reports, kinematic variables were calculated as translations of the femur with respect to the tibia. In the current study, translations were calculated as movements of the tibia with relation to the femur as described by Grood and Suntay. 18 Thus the differing methods of translation calculation, as well as task differences, may explain the small differences in observed tibial translation between studies.
Our in vivo dynamic measurements of anterior tibial translation during landing were less than that commonly measured statically in vivo using the KT-1000 arthrometer (MedMetric, San Diego, California). The KT-1000 arthrometer is commonly used to measure static displacement of the tibia with respect to the femur in vivo. A study by Daniel et al 11 measured anterior tibial translation of 240 normal knees using the KT-1000 arthrometer as 20 lb of anterior force was applied to the tibia. The average anterior translation of the knee when relaxed was 7.2 (61.9) mm. Investigators also measured tibial translation when the quadriceps were active and found an average of 5.2 mm of anterior tibial translation. Numerous cadaveric studies have been completed to determine the relationship between translation and ACL strain in vitro. 29, [42] [43] [44] For example, Woo et al 44 reported that normal knees could experience up to 13.6 6 0.8 mm of anterior tibial translation to occur before ACL rupture. These studies support the findings of our current investigation, because absolute tibial translations during soft and stiff landings were within the normal range of tibial translations measured by in vitro work, and were reasonably similar to KT-1000 arthrometer measurements taken when the quadriceps are active.
In the current study, verbal cues were used to instruct participants on how to land ''soft'' and ''stiff.'' This method of instruction was chosen because verbal instructions have been reported to effectively reduce the number of noncontact ACL injuries when combined with balance and strength training. 21, 34 Further, these oral instructions were reported to reduce knee abduction angle and GRF, while increasing absorption time and peak KFA for landings. 23 These adaptations have been suggested to reduce the risk of ACL injury, and have been shown to be effective even without balance and strength training. 10 We recognize some limitations of the current study. First, participants landed in a controlled laboratory setting. Therefore, they did not experience a true ''in-game'' scenario in which ACL injuries generally occur. We selected a vertical drop-landing task because a version of this movement is what has been utilized to screen individuals for noncontact ACL injury risk with notable successes. 22 We acknowledge that these 2 landing styles did not produce a significant difference between the peak shear component of the GRF. The shear component of the GRF during dynamic movements has been shown to affect knee joint stability by increasing the shear joint reaction force on the proximal end of the tibia. 37 In addition, no real-time feedback was provided to participants discriminating between soft and stiff landings. Rather, each participant was given verbal cues and took several practice jumps for each landing style before data were collected. This method of guidance was chosen to match the methodology of previous ACL injury prevention programs in which athletes were trained to land more softly. Finally, this sample of athletes did not employ landing styles that display high valgus knee angles or high abduction knee moments. Follow-up studies should test males and females who would be identified as ''at risk'' for ACL injury because of their abnormal frontal plane landing mechanics.
In conclusion, kinematic variables often associated with ACL injury, which included anterior tibial translation, valgus angle, and internal rotation angle, were not different between soft and stiff landings in healthy individuals. The results of this study demonstrate the ability of the musculature and soft tissues around the knee joint to keep translations and rotations of the knee within a small, safe range during controlled tasks of differing demand.
